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Abstract—Microelectromechanical systems (MEMS)-based
near-field scanning optical microscopy (NSOM) probes with a
bow-tie antenna structure consisting of two metal triangular
electrodes separated by a narrow gap have been designed and
fabricated. An electrostatic actuator is integrated on this bow-tie
probe to decrease the gap width for enhancing the optical
near-field intensity. A self-alignment process based on deep
reactive ion etching and wet anisotropic etching is established
to fabricate the symmetric bow-tie structure. The static and
dynamic actuations of electrostatic actuators are examined. With
the mechanical resonance of the antenna structure to lateral
direction, NSOM imaging is performed in the visible range, and
the subwavelength resolution beyond the diffraction limit of light
is demonstrated. [1655]
Index Terms—Bow-tie antenna, electrostatic actuator, micro-
electromechanical systems (MEMS), near-field scanning optical
microscopy (NSOM), surface plasmon polariton.
I. INTRODUCTION
NEAR-FIELD scanning optical microscopy (NSOM) hasattracted great attentions due to its high resolution beyond
the diffraction limit of light. The high-resolution imaging and
its spectroscopy based on near-field technology have provided
powerful tools for investigating materials in nanoscale [1].
The applications of near-field technology are spreading to
engineering fields, such as high-density data storages [2], [3],
nanoscale patterning [4] and nanophotonic circuits [5], [6]. The
recent advances in the near-field optical microscopy have al-
lowed us to detect even single molecule and study the dynamics
of them [7]. However, the resolution of these techniques has
not quite reached the true molecular or atomic scale.
A major reason for the limited resolution arises from the dif-
ficulty in achieving the localization of the optical near-field in
nanometer scale with a sufficient intensity at the apex of probes.
Two kinds of optical near-field probes, aperture- and scattering-
types, have been employed. In the aperture probes, the optical
near-field is created at a metal aperture formed at the end of the
probe. Meanwhile, in the scattering-type probes, a metal tip or
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particle as a scattering probe creates strong field in the vicinity
of them.
In the case of aperture probes, the size of aperture and energy
transmission efficiency (throughput) from far-field to near-field
are the limiting factors of the resolution. When the aperture-type
probes are illuminated with a laser light, most of propagating
lights are adsorbed by metal in the narrow guiding part of the
probe before the light reaches at the aperture. Various aper-
ture probes have been developed by micromachining technolo-
gies. Currently aperture less than 100 nm in diameter can be
batch-fabricated, which shows the light transmittance (energy
throughput) of 1% at the diameter of 100 nm [8]. However, as
the size of aperture shrinks, the transmittance exponentially de-
creases, especially below 100 nm in diameter. Hence, the prac-
ticable resolution has been limited to approximately 70 nm [9].
For scattering-type probes, although the resolution can reach to
approximately 10 nm by using a sharp metal tip [10], in which
background light affects the resolution. Hence, the signal to
noise ratio, i.e., energy density ratio of near-field to background,
is also the one of the limiting factor.
Much effort has been directed towards gaining the resolution
of the near-field optical probe, by designing novel structures of
probe or aperture. Recent advances have suggested the great
possibilities of near-field confinement structures, such as a
periodic subwavelength structure [11], C-shaped aperture [12],
I-shaped aperture [13], and bow-tie antenna [14]–[19], etc.
These confinement structures enhance the intensity of optical
near-field due to surface plasmon resonance. The bow-tie
antenna structure, as shown in Fig. 1, consists of two opposed
metal triangles, which involves electromagnetic coupling be-
tween the apexes of the antenna structure together with surface
plasmon resonance. When the bow-tie antenna is illuminated
with a laser light polarized to gap direction ( -direction), the
plasmon resonance is excited and the generated plasmon-po-
lariton in the metal triangles are localized at the apex of the
antenna due to electromagnetic coupling between metal trian-
gles of the antenna opposed with a nanometric gap [20], [21].
The size of the localized field can be as small as the gap size.
In calculation, the bow-tie antenna enhances the intensity of
optical near-field from several hundred to several ten thousand
times than that of the incident light in visible range for the case
that the gap width is several 10 nm [15], [17]. Furthermore,
as the gap size shrinks especially in the region of sub-100
nm, the enhancement factor increases because of enhanced
electromagnetic coupling [19], [20]. However, it is difficult to
fabricate such antenna structure with a narrow gap width at
1057-7157/$20.00 © 2006 IEEE
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Fig. 1. Schematic of bow-tie antenna. Two metal thin film triangles are oppo-
sitely placed with several ten nm gap. Surface plasmon polariton was exited in
the vicinity of the gap by illuminating with polarized light, and enhance the in-
tensity of optical near-field.
the protrusion. Therefore, very few works have been done for
demonstrating optical imaging using a visible light.
In this paper, the novel design, fabrication process, and char-
acterization of bow-tie antenna structures are reported. A de-
sign like a tweezer was adapted to the bow-tie probe, and the
small-gap in the antenna was realized by actuating the bow-tie
antenna probe using an integrated electrostatic actuator. In order
to make a narrow gap, two metal tips must be exactly situated
at its opposites. Therefore, to fabricate symmetrically opposed
two tips, the self-alignment process was developed.
II. DESIGN AND FABRICATION
A. Device Design
The schematic structure of the bow-tie antenna probe with an
integrated electrostatic actuator is shown in Fig. 2. This probe
consists of two tips as antenna supported by narrow beams and
an actuation electrode at the center. A glass wafer supports this
probe and each beam is electrically isolated. The thickness of
the probe, the length of the center electrode and the length of
the antenna beams are 7, 400, and 500 , respectively. At the
end of the probe, the symmetric sharp tips were formed by the
self-alignment process as described later. A metal thin film was
deposited on the symmetric structure as a bow-tie antenna in
order to enhance near-field intensity using surface plasmon res-
onance effect. In this research, silver was used as the metal film
for enhancing surface plasmon because of its high conversion
efficiency from far-field to near-field in visible wavelength [22].
The initial gap width is ranged from 200 nm to 3 . To adjust
the gap width below 20 nm, the electrode beam for electrostatic
actuation is placed between two beams supporting the bow-tie
antenna. Two types of electrostatic actuators, comb-drive and
parallel-plate types were fabricated and evaluated. The driving
voltage is applied to the center electrode beam, and two beams
supporting bow-tie antenna are electrically grounded. Surface
plasmon can be exited by the polarized laser illumination. In
the dynamic operation of electrostatic actuator, the gap width
can be modulated by vibrating the beams of the antenna struc-
ture using the electrostatic actuator, resulting in the modulation
of the optical near-field intensity.
In this design, the length, width and height of the beam
springs of the actuator are 400, 5, and 7 , respectively. The
spring constant of the beams is calculated to be 0.5 N/m. The
length, height, and gap spacing of the comb-drive actuator
Fig. 2. Schematic structure of bow-tie antenna probe integrated with an elec-
trostatic actuator. It consists of three silicon cantilevers supported by the glass
wafer. The bow-tie antenna is fabricated at the end of probe. The integrated elec-
trostatic actuator adjusts the gap width of the bow-tie antenna.
consisting of a pair of 15 teeth are 25, 7, and 2 , respec-
tively. The width, height, and gap spacing of the parallel-plate
are 463, 7, and 10 , respectively. From simple numerical
calculations, the dc voltages to make two antennas with 2
gap in contact for the comb-drive and the parallel-plate were
140 and 110 V, respectively.
B. Self-Alignment Tip Fabrication Process
The bow-tie antenna structure has been fabricated by the
combination of reactive ion etching (RIE) and anisotropic wet
etching. In the case of scattering near-field probe, the size of
the localized near-field at the apex of a metal tip is as much
as the curvature radius of the apex. Anisotropic wet etching
has a high capability to form a quite sharp tip. Furthermore,
the apex of the tip must locate precisely at their opposites in
order to enhance optical near-field using the bow-tie antenna
method. Up to now, using MEMS technology such face-to-face
tip structures have been fabricated at the flat end of a silicon
cantilever for nanotweezers [23], [24] and micromachined
tunneling structure [25]. For the application of scanning mi-
croscope, the probe is slightly tilted and the tips of the probe
should be located at lowest position for making a contact with
a sample. Therefore, the triangle-shaped tips are required. In
our first trial, the outline of the probe structure was defined
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Fig. 3. Detailed drawing of self-aligned tip fabrication process. (a) RIE for top layer of SOI wafer. (b) Thermal oxidation and oxide patterning. (c) Anisotropic
etching by TMAH. In this step, undercut profile of the silicon at the bottom of the top silicon layer depends on the cavity silicon pattern defined by RIE. (d) Oxide
remove. (A) (B) A-A’ cross-section at steps (b) and (c), respectively.
by RIE, then after oxidation and photolithography, anisotropic
wet etching was performed for making sharp tips [26]. In this
fabrication process, the alignment error between the RIE and
the dioxide masking pattern for following anisotropic etching
caused notable asymmetry in the bow-tie structure. As the
result, the two tips could not situate in exactly face-to-face
position. To solve this problem, we have developed a novel
self-alignment process, as described later.
Fig. 3 shows the schematic of this self-alignment process
using a SOI wafer with a (100)-oriented top silicon layer.
Symmetric pattern with a pentangular cavity at the center
were formed in the top layer of the SOI wafer by conventional
photolithography and RIE [Fig. 3(a)]. After thermal oxidation
of silicon, the top oxide was patterned by photolithography
and wet-etching in a buffered-HF (BHF) solution for making
the etching window at the vicinity of the pentangular cavity
[Fig. 3(b)]. As shown in Fig. 3(a), the horizontal and diagonal
edges of this cavity are parallel to and directions,
respectively. This structure was anisotropically etched in a
tetrametylammonium hydroxide (TMAH) solution via the
etching window, consequently two silicon facets ap-
peared on individual vertical wall with a plane as shown
in Fig. 3(a) and (b). Side etching proceeded on facets,
and the bow-tie antenna structure was formed at the separated
point of the silicon bridge, as shown in Fig. 3(c). The bottom
planes close to the buried oxide of SOI were determined
from the bottom edge of plane that had been defined by
RIE. Therefore, the opposed symmetric sharp tips were formed
just on the buried oxide. The alignment error caused by pho-
tolithography for dioxide patterning process did not affect the
final geometry of the bow-tie antenna structure. This symmetric
etching condition is satisfied, as long as the width of silicon
terrace [Fig. 3(b)] is much smaller than the thickness of the
top layer of the SOI wafer. From the simple crystallographic
consideration, the condition of this self-alignment process is
given by .
Fabrication result of self-alignment method is shown in
Fig. 4(b), which is compared with the structure without self-al-
iment process shown in Fig. 4(a). By using self-alignment
process, the probe symmetry and the deviation of the gap width
between opposed tips fabricated on the same wafer were much
improved. In our test specimens, the standard deviation of gap
size on the 16 probes was approximately 0.55 , which was
ten times smaller than that without the self-alignment process.
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Fig. 4. Comparison of fabrication results (a) without and (b) with self-alignment process. By using self-alignment process, symmetric silicon tips are formed
despite misaligned oxide mask pattern.
C. Probe Fabrication
A schematic fabrication process is shown in Fig. 5. This
process consists of SOI part (a)–(f), glass part (g)–(j), bonding
and release part (k)–(o). A (100)-oriented silicon-on-insulator
(SOI) wafer was used as a starting material (a). The thickness of
the top layer, buried oxide, and handling wafer were 7, 0.5, and
500 , respectively. The Conventional photolithography was
performed on the top silicon layer, and the outline of bow-tie
antenna and pentangular cavity were defined by following
reactive ion etching (RIE) (b). Silicon dioxide with a thickness
of 250 nm was thermally grown, and patterned by photolithog-
raphy and wet etching in a buffered hydrofluoric acid (BHF)
solution (c). At this step, the end of the two tips was connected
together. By anisotropic etching of silicon through opening of
the patterned oxide using a tetrametylammonium hydroxide
(TMAH) solution, the tips were separated and tapered sharp
tips with a narrow gap were formed (d). Mask silicon dioxide
was removed by the BHF solution (e). After photolithography,
the electrostatic actuators and probe structures were patterned
by the second photolithography and RIE (e). The structures of
two types of actuators, i.e., comb-drive and parallel-plate types
were formed in this step. A Pyrex glass wafer with a thickness
of 200 was used as a base material to support the silicon
probe (g). A part of one side of the glass was etched to a depth
of 50 using a 25% HF solution for making a gap between
the glass and the probe after bonding process (h). Tapered
through-holes were fabricated in the glass by a sand blaster to
form electrical contact (i). Grooves with a depth of 150
were formed using a dicing saw to separate each probes on the
same wafer into pieces at the final step (j). The SOI wafer and
the glass were bonded together by an anodic bonding technique
(k). An aluminium thin film was selectively deposited on the
glass-through-hole via a stencil mask by thermal evaporation
(l). The handling wafer of SOI was removed by isotropic
plasma etching using gas (m). The buried oxide of the SOI
was removed by the BHF solution to release probes. The glass
wafer was separated to individual chips (n). Finally, a silver
thin film with a thickness of 50 nm was thermally deposited
on the opposed sharp tips through a stencil mask to form the
bow-tie antenna (o).
Scanning electron microscopy (SEM) images of fabricated
probes are shown in Fig. 6. It can be seen that the initial gap
widths of bow tie antennas on the parallel-plate and comb-drive
type probes are 1.5 and 2.7 , respectively. In addition, the
small islands of silver were formed on the antennas. Compared
to a smooth thin film, it is considered to enhance optical near-
field more efficiently due to the excitation of plasmon resonance
[27].
III. RESULT AND DISCUSSION
A. Evaluation of Electrostatic Actuator
Both static and dynamic characteristics of electrostatic actu-
ators were evaluated on both comb-drive type and parallel-plate
type by applying a dc or ac voltage to the center electrode, and
the antenna structure was electrically grounded. The gap width
between the tips under actuation was measured using SEM. The
measurement result is shown in Fig. 7. The initial gap size was
ranging from 1.5 to 2.7 . As shown in Fig. 7, as the applied
voltage was increased, the gap spacing was decreased, and the
tips of the parallel plate and comb-drive types came into contact
at voltages of 140 and 170 V, respectively.
The dynamic characteristics of the comb-drive actuator were
measured in ambient atmosphere by using an optical hetero-
dyne laser-Doppler vibrometer (NEOARK NV-110) equipped
with an optical microscope. A dc bias of 30 V and additional ac
voltage of 1 Vp-p were applied between the tips and the center
electrode of the to the electrostatic actuator. The frequency of
the ac voltage was swept, and the vibration signal from the
laser-Doppler vibrometer was detected by using a network ana-
lyzer. Measured mechanical response spectra from 10 to 40 kHz
are shown in Fig. 8. Some vibration modes in (lateral) and
(vertical) directions could be observed. The vibration mode at a
resonant frequency of 28.6 kHz is the first flexural mode of the
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Fig. 5. Schematic drawing of whole fabrication process.
Fig. 6. SEM images of (a) parallel-plate and (c) comb-drive type probe and (b),
(d) close up images of them.
antenna in the lateral direction. In this vibration mode, the gap
width of the bow-tie antenna structure can be modulated. Three
Fig. 7. Static voltage-displacement results (dots) and simulation (lines) of elec-
trostatic actuators measured on both comb-drive type and parallel-plate type.
peaks vibrating in -direction can be seen. The lowest vibration
mode at 13.2 kHz is flexural mode in -direction. Peaks found
at 28.2 and 30.15 kHz correspond to the cross-talk signal of lat-
eral vibration and a higher flexural mode of vertical vibration.
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Fig. 8. Vibration spectra of electrostatic actuator.
Fig. 9. Experimental setup for evaluating optomechanical properties of the
bow-tie probe and demonstrating NSOM observation.
The spring constants of each vibration modes at 13.2, 28.2, and
30.15 kHz are calculated to be 0.027, 0.126, and 0.141 N/m, re-
spectively.
The antennas came close and their vibration amplitude in lat-
eral vibration mode increases by increasing dc voltage until the
antennas come in contact. This threshold was found to be 70 V
of dc bias at an ac voltage of 1.2 Vp-p. The vibration amplitude
of the antenna at the threshold voltage was about 700 nm.
B. Evaluation of Optical Property of Bow-Tie Probe and
NSOM Measurement
Dynamic optical near-field modulation was demonstrated and
NSOM imaging using the bow-tie probe was performed. The
experimental setup is shown in Fig. 9. TheA comb-drive type
bow-tie probe was mounted on a commercial scanning probe
microscopy (SPM) (Olympus NV2000). An He-Ne laser with a
wavelength of 633 nm is employed for the excitation of bow-tie
antenna, because it is reported that the resonant wavelength of
the antenna with a gap width of 20 nm is 635 nm [16]. The
bow-tie antenna part of the probe was illuminated with a fo-
cused He-Ne laser with a wavelength of 633 nm via lenses,
and the scattered light was collected by an objective and de-
tected by a photomultiplier tube (PMT). The power and focusing
Fig. 10. Intensity spectrum of scattered light from bow-tie antenna due to
electromechanical near-field modulation.
diameter of the He-Ne laser were 5 mW and 20 , respec-
tively. To enhance the intensity of optical near-field at the apex
of bow-tie antenna, the gap size of bow-tie antenna should be
narrowed to several 10 nm by the electrostatic actuator during
the scan. Furthermore, the affect of background light should be
eliminated. AC driving of bow-tie antenna and lock-in detec-
tion method were employed to achieve these requirements. The
electrostatic actuator modulates and vibrates gap of the bow-tie
antenna probe. A lock-in amplifier was employed to detect the
output signal from the PMT using the driving ac voltage as a
reference signal.
Scattered light can be observed if the tips approach each other
or come in contact in the vibration cycle. The driving frequency
applied toof the actuator was swept and the scattered light from
the probe was observed under the application of dc and ac volt-
ages of 65 V and 0.6 Vp-p, respectively. Fig. 10 shows its spec-
trum of scattered light. The peak of scattered light was observed
at a frequency of 28.3 kHz, which corresponds to the mechan-
ical resonance in the lateral direction. This result exhibits that
the vibration to -direction is dominant in the intensity modula-
tion of scattered light. It is considered that the strong modulation
involved in the vibration to -direction is caused by the gap-de-
pendent optical near-field modulation due to on the bow-tie an-
tenna in a sub-100 nm gap region [18], [19] was induced and
the near-field was modulated by the vibration to -direction.
NSOM imaging test had also been demonstrated in the ex-
perimental setup as shown in Fig. 9. The bow-tie probe is tilted
by the probe mount and the deflection of the bow-tie probe was
measured using the optical deflection sensor of SPM to observe
topography. The bow-tie probe was actuated by applying an ac
voltage of 1.2 Vp-p with a bias voltage of 70 V at a frequency of
28.3 kHz. As a test specimen, a gold grid pattern with a period
of 800 nm on a glass substrate was used. Topography imaging
and simultaneously optical imaging in contact operation was
demonstrated as shown in Fig. 11(a) and (b). Scattering inten-
sity of light was stronger on the metal pattern than that on the
glass areas, and features as small as 100 nm could be resolved,
as the cross-section of the profile is shown in Fig. 11(b). This
resolution is much higher than the wavelength of the incident
laser, and subwavelength resolution beyond the diffraction limit
is achieved. On the other hand, the tips are considered to get
into contact each other from the vibration measurement. The
resolution of this probe can be improved because the resolution
as much as the gap width is expected from the nature of bow-tie
antenna. The considered reasons that limit the resolution are fol-
lowing; first, damages of probe by contact-mode operation may
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Fig. 11. Simultaneously observed (a) AFM topography. (a) and (b) NSOM im-
ages of gold grid pattern on a glass wafer.
affect the tip radius of bow-tie antenna. Second, the resonant op-
tical wavelength of electromagnetic coupling at bow-tie antenna
is shifted by oxidation of silver, hence, the enhancement factor
of the intensity may be decreased.
IV. CONCLUSION
An optical near-field probe employing a bow-tie antenna
with an integrated electrostatic actuator was fabricated. A
novel self-alignment process for fabricating the symmetric
bow-tie structure was developed. The static and dynamic actu-
ation of electrostatic actuators was examined. The mechanical
resonance of the bow-tie probe to the lateral direction under il-
luminating the probe could enhance and modulate the near-filed
intensity. NSOM imaging was successfully demonstrated by
bow-tie probe, and the subwavelength resolution of
by using bow-tie antenna design was demonstrated.
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